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Ascending thoracic aortic aneurysms (ATAAs) represent 60% of all thoracic aortic aneurysms. Progressively expanding ATAA mandates surgical intervention to prevent vessel dissection or free rupture.[1](#jah31494-bib-0001){ref-type="ref"} ATAA is age related and is frequently encountered in patients with hypertension, hypercholesterolemia, or diabetes mellitus.[2](#jah31494-bib-0002){ref-type="ref"} It is also diagnosed in young patients with genetic disorders associated with intrinsic structural abnormalities such as Marfan syndrome and bicuspid aortic valve and as a result of aortic inflammatory diseases.[3](#jah31494-bib-0003){ref-type="ref"}, [4](#jah31494-bib-0004){ref-type="ref"}, [5](#jah31494-bib-0005){ref-type="ref"} Much remains unknown about ATAA pathology, largely because of the wide heterogeneity underlying these abnormalities. Nevertheless, most aortic aneurysms are associated with augmented angiotensin II (AngII) activity,[6](#jah31494-bib-0006){ref-type="ref"}, [7](#jah31494-bib-0007){ref-type="ref"}, [8](#jah31494-bib-0008){ref-type="ref"} and AngII‐infusion murine models have been established for both ATAA and abdominal aortic aneurysm (AAA).[9](#jah31494-bib-0009){ref-type="ref"}, [10](#jah31494-bib-0010){ref-type="ref"}, [11](#jah31494-bib-0011){ref-type="ref"}

The AngII hormone is a key component of the renin--angiotensin--aldosterone system. AngII promotes hypertension, atherosclerosis, and vascular remodeling, inducing aortic aneurysms in mice and humans by activating mechanisms of aortic wall stiffening and medial degeneration.[12](#jah31494-bib-0012){ref-type="ref"}, [13](#jah31494-bib-0013){ref-type="ref"}, [14](#jah31494-bib-0014){ref-type="ref"} Aortic aneurysms are elicited in part through modulation of transforming growth factor β (TGF‐β) activity. In mice, AAA formation is associated with decreased TGF‐β gene expression, whereas the pathogenesis of ATAA in mice and humans is promoted by increased TGF‐β signaling.[15](#jah31494-bib-0015){ref-type="ref"}

Vascular remodeling is also elicited by leptin,[16](#jah31494-bib-0016){ref-type="ref"} a regulatory hormone of food intake and energy expenditure. Leptin is mostly synthesized by adipocytes, and its systemic levels correlate with body fat mass.[17](#jah31494-bib-0017){ref-type="ref"} Leptin synthesis is induced to a lesser extent in macrophages and vascular smooth muscle cells (SMCs) by cytokines and AngII, resulting in local cardiovascular pathological conditions.[18](#jah31494-bib-0018){ref-type="ref"} Hyperleptinemia is a risk factor for symptomatic cardiovascular disease, mainly through increased arterial blood pressure, augmented oxidative stress, stiffening of the vascular wall, and vascular cell calcification.[19](#jah31494-bib-0019){ref-type="ref"}, [20](#jah31494-bib-0020){ref-type="ref"}, [21](#jah31494-bib-0021){ref-type="ref"}, [22](#jah31494-bib-0022){ref-type="ref"}, [23](#jah31494-bib-0023){ref-type="ref"}

In the clinical setting, aging‐related arterial stiffening[24](#jah31494-bib-0024){ref-type="ref"} promotes left ventricular hypertrophy (LVH) via complex interactions among elevated systemic blood pressure, increased pulse pressure, diminished arterial distensiblity, and augmented left ventricular (LV) afterload. This hemodynamic system, termed *aortoventricular coupling* (AVC), leads to LVH and diastolic dysfunction.[25](#jah31494-bib-0025){ref-type="ref"} Moreover, augmented rigidity and aneurysmal dilation per se in the ascending aorta are also sufficient to alter cardiac morphology and function.[26](#jah31494-bib-0026){ref-type="ref"}, [27](#jah31494-bib-0027){ref-type="ref"}, [28](#jah31494-bib-0028){ref-type="ref"} Hemodynamic perturbations at the LV outlet augment pulse wave velocity that increases LV workload. The resulting elevated intracardiac pressure stretches LV cardiomyocytes, which respond by upregulating AngII and AngII type 1 receptor expression.[29](#jah31494-bib-0029){ref-type="ref"}, [30](#jah31494-bib-0030){ref-type="ref"}, [31](#jah31494-bib-0031){ref-type="ref"}, [32](#jah31494-bib-0032){ref-type="ref"} Finally, leptin synthesized by LV cardiomyocytes mediates AngII‐driven LVH.[33](#jah31494-bib-0033){ref-type="ref"}

AngII activity and hyperleptinemia are associated clinically with aortic valve stenosis (AVS).[34](#jah31494-bib-0034){ref-type="ref"}, [35](#jah31494-bib-0035){ref-type="ref"} A recent study in apolipoprotein E--deficient (apoE^−/−^) mice revealed that AngII infusion promotes thickening of aortic valve leaflets and simultaneously promotes LVH.[36](#jah31494-bib-0036){ref-type="ref"} These valvular lesions may represent early valve leaflet remodeling preceding AVS. In addition, mice exposed to hyperlipidemia and type 2 diabetes were found to exhibit aortic valve calcification and reduced LV function.[37](#jah31494-bib-0037){ref-type="ref"} This latter observation correlates with the association of hyperlipidemia with hypertension through increased levels of endothelin 1, AngII, and hyperleptinemia, thereby contributing to LVH and aortic valve remodeling.[22](#jah31494-bib-0022){ref-type="ref"}, [38](#jah31494-bib-0038){ref-type="ref"}

We recently demonstrated de novo leptin synthesis in human AAAs. Moreover, using apoE^−/−^ mice, we found that local application of leptin to the abdominal aorta potentiates AngII‐induced AAA and promotes aneurysm formation when acting as a sole local stimulant.[14](#jah31494-bib-0014){ref-type="ref"} Those results were the basis for our current hypothesis that locally synthesized leptin in the ascending aorta drives AngII‐induced aortic remodeling and local aneurysm formation.

In the present study, we analyzed human ATAA samples and used a novel mouse model that simulates local leptin synthesis in the ascending aorta to examine the impact of leptin on the vessel wall and subsequent LVH and cardiac valve remodeling. To test the pathophysiological relevance of locally synthesized endogenous leptin, we applied a leptin antagonist (LepA)[39](#jah31494-bib-0039){ref-type="ref"} to the ascending aorta in AngII‐infused mice. Our results implicated leptin activity in AngII‐driven vascular remodeling. Moreover, local blocking of leptin may present a novel therapeutic approach to attenuate formation of ATAA, control of related LVH, and remodeling of aortic valve leaflets.

Materials and Methods {#jah31494-sec-0006}
=====================

Mouse Models {#jah31494-sec-0007}
------------

Animal experiments were performed according to protocols approved by the institutional animal care and use committee, Harvard Medical School (protocol no. 05004), and compiled with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication no. 85‐23, revised 1996). Male apoE^−/−^ mice (C57BL/6 background; Jackson Laboratory) aged 16 weeks were used in all experiments (n=70; 36 for leptin application, 34 for AngII administration). Mice underwent left minithoracotomy, providing an exposure of the proximal ascending aorta. To simulate local leptin synthesis at the ascending aorta, a slow‐release film made of polylactic co--glycolic acid matrix containing 2 μg mouse leptin or no protein (control) was applied to the outer surface of the proximal ascending aortic. This model was used in 2 separate experiments. In the first experiment, mice were fed postoperatively with a high‐fat diet (HFD) and followed up for 45 days. In the second experiment mice were fed with a normal chow diet and monitored for 30 or 60 days. To examine the effect of leptin activity inhibition at the ascending aorta, a miniature polylactic co--glycolic acid film carrying 5 μg mouse LepA (superactive mouse leptin antagonist; Protein Laboratories Rehovot) [39](#jah31494-bib-0039){ref-type="ref"} was applied to the surface of the proximal ascending aorta. This was followed by subcutaneous implantation of an osmotic minipump (pump model 2004; Alzet) for AngII (human AngII, A9525; Sigma‐Aldrich) infusion of 1000 ng/kg per minute over 28 days. Mice were followed up for 28 days and were assessed at baseline and periodically during the 28‐day follow‐up period for body weight, systemic blood pressure, and echocardiography of the ascending aorta and left ventricle.

Systemic blood pressure was measured via tail cuff using the BP‐2000 Series II blood pressure analysis system (Visitech Systems). Systemic blood pressure was measured at baseline prior to surgery and then weekly for 1 month and biweekly during the second month (in the leptin application model).

High‐resolution echocardiography was performed at baseline, weekly or biweekly in the leptin application model, biweekly in the AngII infusion/LepA application model, and before termination of each experiment, using the Vevo 2100 system (VisualSonics). To measure the inner diameter of the ascending aortic wall and assess local distensibility, high‐resolution echocardiography was performed 2 mm distal to the aortic valve, and measurements were performed in the long‐axis view. Distensibility was defined as percentage of change between aortic cross‐sectional area in systole versus diastole.

In each mouse, long‐ and short‐axis B‐mode views and videos were generated. Peak systolic velocity (PSV) was measured using Doppler mode at the LV outlet (aortic valve level). Accompanying software was used to measure aortic diameter and PSV and velocity--time integral and peak velocity of aortic valve regurgitation jet. LV wall width and fractional area change were extracted from videos generated by Vevo 2100. The thickness of aortic valve and mitral valve leaflets was measured by light microscopy. The thickest segment was assessed, and measurements were presented as mean thickness in at least 2 leaflets per valve. All measurements were performed in a blinded fashion.

Mouse tissue slides underwent histological analysis with elastic Van Gieson staining and immunohistochemistry for α‐smooth muscle actin (α‐SMA), TGF‐β1, TGF‐β2, Mac‐2, Mac‐3, leptin, and Ki‐67.

Human Tissues {#jah31494-sec-0008}
-------------

The use of human tissues was approved by the institutional review board of Sheba Medical Center, Tel Hashomer, Israel, and tissues were collected with informed consent (ethics committee approval no. 2354; [ClinicalTrials.gov](http://Clinicaltrials.gov) identifier NCT00449306).

Surgical samples of ascending aortic aneurysm were collected (n=11) from patients with a variety of associated diseases, including hypertension (n=10), hypercholesterolemia (n=5), diabetes mellitus (n=2), Marfan syndrome (n=4), bicuspid aortic valve (n=2), and ankylosing spondylitis (n=1) ([Table](#jah31494-tbl-0001){ref-type="table-wrap"}). Four patients were operated urgently for type A dissection. Samples of human AVS (n=11) were collected from patients undergoing aortic valve replacement surgery. Normal aortic valves (n=3) were obtained from explanted hearts of patients undergoing heart transplantation.

###### 

Ascending Aortic Aneurysm in Patients Undergoing Surgery: Demographics, Comorbidities, and Associated or Underlying Diseases

  Diagnosis                   Age, y   Sex      Hypertension   Dyslipidemia   Diabetes Mellitus   Cardiac and Other Comorbidities                                                                                                              Surgery
  --------------------------- -------- -------- -------------- -------------- ------------------- -------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------
  Ankylosing Spondylitis      46       Male                                                                                                                                                                                                    Elective resection of ATAA
  Ascending aortic aneurysm   80       Male     \+             \+                                 Mild aortic regurgitation; left ventricular ejection fraction 60%; hypothyroidism; smoking                                                   Elective resection of ATAA
  Ascending aortic aneurysm   82       Female   \+             \+                                 Left ventricular ejection fraction 45%; atrial fibrillation; polymialgia rheumatica; hypothyroidism; chronic obstructive pulmonary disease   Elective resection of ATAA
  Ascending aortic aneurysm   68       Male     \+             \+                                 Ischemic heart disease                                                                                                                       Type A dissection; resection of ATAA
  Ascending aortic aneurysm   68       Male     \+             \+             \+                                                                                                                                                               Type A dissection; resection of ATAA
  Bicuspid aortic valve       46       Male     \+                                                Aortic valve stenosis                                                                                                                        Elective resection of ATAA; aortic valve replacement
  Bicuspid aortic valve       48       Male     \+                                                Aortic valve stenosis; left ventricular hypertrophy                                                                                          Elective plication of ATAA; aortic valve replacement
  Marfan syndrome             44       Male                                                                                                                                                                                                    Type A dissection; resection of ATAA
  Marfan syndrome             22       Male     \+                                                Mitral valve prolapse                                                                                                                        Elective resection of ATAA
  Marfan syndrome             46       Female   \+                                                                                                                                                                                             Type A dissection; resection of ATAA
  Marfan syndrome             45       Male     \+             \+             \+                                                                                                                                                               Type A dissection; resection of ATAA

ATAA indicates ascending thoracic aortic aneurysm.

Human tissues were analyzed histologically by routine hematoxylin and eosin staining and modified Movat\'s pentachrome connective tissue stain. Immunohistochemistry was performed for α‐SMA, CD68, leptin, and leptin receptor, as described previously.[17](#jah31494-bib-0017){ref-type="ref"} For in situ mRNA hybridization, leptin RNA sense and antisense probes were transcribed in vitro and labeled with digoxigenin. Reverse transcriptase quantitative polymerase chain reaction was performed for the *lep* and *lepr* genes using TaqMan probes.

In Vitro Studies {#jah31494-sec-0009}
----------------

### Valve interstitial cell culture {#jah31494-sec-0010}

Human valve interstitial cells (VICs; generously provided by Kristyn S. Masters) were grown in MEMα plus 15% FCS,1.5% Penicillin‐Streptomycin‐Neomycin 1% glutamine, and 2.5 μg/mL amphotericin B (complete medium).

### Expression of leptin and leptin receptor {#jah31494-sec-0011}

Cells were grown in complete medium and treated with 1, 2.5 and 10 nmol/L AngII (Sigma‐Aldrich) for 4 or 24 hours, as indicated. The mRNA was extracted, and *lep* and *lepr* expression was quantified by reverse transcriptase quantitative polymerase chain reaction using TaqMan probes.

### Proliferation experiments {#jah31494-sec-0012}

Cells were seeded in complete medium and grown in 24‐well plates (15 000--20 000 cells per well) for 3 to 5 days, and then the medium was changed to 1.5% FCS containing media (starvation medium) for 48 hours. Proliferation assay was performed in quadruplicate in fresh starvation medium supplemented with the tested factor (leptin 1 ng/mL, AngII 2.5 nmol/L) for 24 hours. The degree of proliferation was measured by the XTT cell proliferation kit (Biological Industries). Cells grown in starvation media only were used as control, and their absorbance was 0.268±0.030 optical density (considered as 100%).

### Mineralization experiments {#jah31494-sec-0013}

Human VICs were plated in 35‐mm dishes (75 000 cells per dish) in complete medium supplemented with 10 nmol/L dexamethasone, 10 mmol/L β glycerophosphate, 8 mmol/L CaCl~2~, 50 mg/mL ascorbate, 1 mmol/L insulin, without leptin or in the presence of leptin at concentrations of 1 or 10 ng/mL for 3 weeks. Medium was charged twice a week. After 21 days, cultures were fixed in formalin and then stained by alizarin red. Quantitation of the colored mineralized area was performed using ImageJ (National Institutes of Health).

Statistics {#jah31494-sec-0014}
----------

A 2‐sided Mann--Whitney test was used to assess differences between control and leptin‐treated animals or AngII versus AngII and LepA‐treated animals. To overcome baseline variability between physiological parameters of apoE^−/−^ animals, each echocardiograph measurement at the end of the experiment was compared with a baseline measurement prior to surgery. All data are shown as mean±SE, and the typical number of samples was 10 for mouse samples and 5 for in vitro samples, as detailed in the figure captions. The Fisher exact test was used to assess the effect of local LepA treatment on thoracic aortic aneurysm rupture and death on AngII‐treated mice. The Bonferroni correction was used for correction of proliferation and mineralization results in in vitro studies. The Student *t* test was used for analysis of quantitative polymerase chain reaction and mineralization data. The radar plot scales physiological parameters by standard deviations in the untreated group. Detailed data on materials and methods are provided in Data S1.

Results {#jah31494-sec-0015}
=======

Human ATAA Wall Exhibits Abundant Expression of Leptin mRNA and Protein {#jah31494-sec-0016}
-----------------------------------------------------------------------

Movat\'s pentachrome staining of ascending aortic aneurysms that were collected from patients presenting with different diseases show extensive medial degeneration including multiple fragmentations, loss of elastic lamellas, depletion of SMCs, and abundance of proteoglycans (Figure [1](#jah31494-fig-0001){ref-type="fig"}A, [1](#jah31494-fig-0001){ref-type="fig"}D, [1](#jah31494-fig-0001){ref-type="fig"}G, S1A, and S1D). Macrophage infiltration was variably demonstrated in the different samples but was more prominent in Marfan syndrome cases (Figure S2H). Leptin antigen was demonstrated in medial SMCs of all samples (Figure [1](#jah31494-fig-0001){ref-type="fig"}B, [1](#jah31494-fig-0001){ref-type="fig"}E, [1](#jah31494-fig-0001){ref-type="fig"}H, and S2E) and in medial and adventitial macrophages (Figures S1E and S2E). The *lep* mRNA was identified by in situ hybridization in all analyzed ATAA samples, generally correlating with the abundance of leptin antigen (Figure [1](#jah31494-fig-0001){ref-type="fig"}C, [1](#jah31494-fig-0001){ref-type="fig"}F, and [1](#jah31494-fig-0001){ref-type="fig"}I). Control samples of nondilated aortas exhibited few scattered leptin‐positive cells with low level of leptin mRNA (Figure [1](#jah31494-fig-0001){ref-type="fig"}L). Human retroperitoneal fat was used as a positive control (Figure [1](#jah31494-fig-0001){ref-type="fig"}J and [1](#jah31494-fig-0001){ref-type="fig"}K). Leptin receptor antigen was also detected in ATAA specimens and expressed by SMCs and macrophages (Figure S2F). These findings confirmed that leptin is de novo synthesized in multiple ATAA samples, associated with a variety of systemic diseases.

![Analysis of surgical ATAA samples collected from patients with a variety of diseases underlying ATAA. A through C, Hypertension and hypercholesterolemia. D through F, Marfan syndrome. G through I, Ankylosing spondylitis. A, D, and G, Diffuse elastic fiber fragmentation with glycosaminoglycan deposition (bluish‐green), matrix clearing, and media degeneration, Movat\'s pentachrome. Scale bar=250 μm. B, E, and H, Leptin immunostaining in medial smooth muscle cells. Scale bar=50 μm. C, F, I, and L, The *lep* mRNA (black staining) is present in diseased aortas but is scarcely present in normal aorta. Scale bar=10 μm. J and K, Positive (antisense) (J) and negative (sense) (K) control for *lep* mRNA. In situ hybridization in human WAT. Scale bar=10 μm. ATAA indicates ascending thoracic aortic aneurysm; IHC, immunohistochemistry; WAT, white adipose tissue.](JAH3-5-e003474-g001){#jah31494-fig-0001}

Perivascular Leptin Applied at the Proximal Ascending Aorta Reduces Aortic Wall Distensibility and Causes Local Aortic Dilation {#jah31494-sec-0017}
-------------------------------------------------------------------------------------------------------------------------------

A polylactic co--glycolic acid film containing leptin or no protein was surgically applied at the proximal ascending aorta of apoE^−/−^ mice (described under Methods) (Figure [2](#jah31494-fig-0002){ref-type="fig"}A and S3A). All mice recovered from surgery uneventfully and gained weight equally during the follow‐up period, suggesting that leptin had no systemic effect (Figure S3B). Mean systolic blood pressure in mice fed normal chow diet was 100 mm Hg during the first 4 weeks, with an increase to 120 mm Hg at weeks 6 and 8 in both leptin‐treated and control mice (Figure S3C). This increase in blood pressure may be attributed to aging processes (age 20--22 weeks). In general, feeding mice with an HFD did not affect the results substantially; however, some of the modulated features related to local leptin application were more pronounced in mice fed an HFD compared with a normal chow diet and may be related to augmented AngII synthesis in hypercholesterolemia.[40](#jah31494-bib-0040){ref-type="ref"}

![The effects of locally applied leptin on the ascending aorta. A, Human arch arteriogram depicting mouse aortic anatomy. Note the location of leptin slow‐release film (yellow) in relation to the aortic valve level (white dashed lines). B, Increase in maximal aortic diameter from baseline following treatment with leptin in diastole and systole (*P*=0.02 and *P*=0.045, respectively). Baseline aortic diameter was 1.3 mm. C, Percentage of aortic wall distensibility assessed at baseline and 4 weeks after surgery (*P*=0.01; n=10 to 11). Control mice in white bars, leptin treated in gray bars. \**P*\<0.05. D through G, Histologic cross‐sections of the ascending aortic at the location of leptin application, as shown in (A). Elastic Van Gieson (EVG) staining shows fragmentations of elastic lamellae (arrows) in leptin treated (D) and control mice (E). Depletion of α‐smooth muscle actin (α‐SMA) immunostaining (arrow) in leptin treated (F) and control mice (G). Scale bar=100 μm, 200 μm for (D′ and E′).](JAH3-5-e003474-g002){#jah31494-fig-0002}

Echocardiography was performed 2 mm distal to the aortic valve and revealed increased aortic diameter at the site of slow‐release leptin film attachment (*P*\<0.05 for normal chow diet and *P*\<0.05 for HFD) (Figure [2](#jah31494-fig-0002){ref-type="fig"}B and S4A). Aortic wall distensibility, defined as percentage of change between aortic cross‐sectional area in systole versus diastole, was reduced in the involved aortic segment in leptin‐treated mice (Figure [2](#jah31494-fig-0002){ref-type="fig"}C) (*P*\<0.05). There was no significant difference in aortic diameter farther distally on the ascending segment. Despite the aortic dilation in response to locally applied leptin in the proximal aorta, there was no dilation of the aortic valve annulus. Histological analysis of the ascending aorta at the site of leptin application revealed medial hypertrophy, fragmentation of elastic lamellas (Figure [2](#jah31494-fig-0002){ref-type="fig"}D and [2](#jah31494-fig-0002){ref-type="fig"}E), and depletion of α‐SMA in mice, regardless of diet (Figure [2](#jah31494-fig-0002){ref-type="fig"}F, [2](#jah31494-fig-0002){ref-type="fig"}G, and S4B--S4G).

Leptin Application at the Proximal Ascending Aorta Causes LVH and Leaflet Thickening in Aortic and Mitral Valve Leaflets {#jah31494-sec-0018}
------------------------------------------------------------------------------------------------------------------------

PSV reflecting hemodynamic perturbation at the LV outlet was increased in leptin‐treated mice receiving HFD (*P*=0.17 for normal chow diet and *P*\<0.05 for HFD) (Figure [3](#jah31494-fig-0003){ref-type="fig"}A and S5A). Leptin did not increase the velocity--time integral or peak velocity of the regurgitation flow across the aortic valve (Figure S3D and S3E). Echocardiography used to assess cardiac function identified LV remodeling with concentric hypertrophy (*P*\<0.05 and *P*\<0.01 for HFD) (Figure [3](#jah31494-fig-0003){ref-type="fig"}B and S5B). LV diameter of leptin‐treated mice was significantly increased in systole (Figure [3](#jah31494-fig-0003){ref-type="fig"}C) (*P*\<0.05), leading to marginal reduction in LV fractional area change. This parameter was defined as the relative increase in LV cross‐sectional area in systole versus diastole (Figure [3](#jah31494-fig-0003){ref-type="fig"}D) (*P*=0.09) and no change in stroke area, defined as the area difference between systole versus diastole (Figure S3F).

![Leptin applied at the ascending aorta induces remodeling of LV wall and valve leaflets. A, Leptin‐induced increase in PSV measured at the aortic valve. *P*=0.17. Mean baseline PSV was 1150 mm/s. B, Leptin induced an increase in LV wall thickness, as measured in the long‐axis view (*P*=0.06), and in diastole, as measured in the short‐axis view (*P*=0.045). Mean LV wall thickness at baseline was 0.83 mm at anterior and posterior walls and 0.55 mm at the septum. C, Increase in LV diameter following treatment with leptin in diastole (*P*=0.11) and in systole (*P*=0.04). Mean LV diameter at baseline was 2.2 mm. D, Difference in FAC following treatment with leptin (*P*=0.09). Mean FAC at baseline was 63%. E, Thickness of mitral and aortic valve leaflets following leptin treatment (*P*=0.02 and *P*=0.006, respectively). A through E, n=9 to 11. Control mice shown in white bars; leptin‐treated mice shown in dark gray bars. F and G, H&E staining of mitral valve from leptin‐treated (F) and control (G) mice. Arrows point to the valve. Scale bar=100 μm. H and I, H&E staining of aortic valve from leptin‐treated (H) and control (I) mice. Arrows point to the valve. J and K, α‐SMA staining in aortic valves of leptin‐treated mice (J) and controls (K). L and M, TGF‐β1 expression in aortic valves of leptin‐treated mice (L) and controls (M). Scale bar: Low magnification=50 μm, enlargements=100 μm. \**P*\<0.05, \*\**P*\<0.01. α‐SMA indicates α‐smooth muscle cell actin; FAC, fractional area change; H&E, hematoxylin and eosin; LV, left ventricular; PSV, peak systolic velocity; TGF‐β1, transforming growth factor β1.](JAH3-5-e003474-g003){#jah31494-fig-0003}

Leptin‐treated mice exhibited thickening of mitral and aortic valve leaflets (*P*\<0.05, *P*\<0.01, respectively) (Figure [3](#jah31494-fig-0003){ref-type="fig"}E and S5C for HFD). Interestingly, mitral valve leaflets were diffusely thickened, whereas aortic valve leaflets demonstrated thickening in their free edge. These hyperplastic lesions were mostly composed of extracellular matrix and multiple stromal cells (Figure [3](#jah31494-fig-0003){ref-type="fig"}F--[3](#jah31494-fig-0003){ref-type="fig"}I and S5D--S5G). These cells are assumed to be analogous to human VICs. A few clusters of stromal cells within the hyperplastic lesions were positive for α‐SMA and TGF‐β1 antigen by immunohistochemistry (Figure [3](#jah31494-fig-0003){ref-type="fig"}J--[3](#jah31494-fig-0003){ref-type="fig"}M and S5H--S5K), suggesting activation of VICs. Ki‐67 immunohistochemistry revealed no significant increase in VIC proliferation at the time of euthanasia (Figure S3E). No macrophage infiltration or tumor necrosis factor α antigen were detected in aortic valve leaflets from mice receiving leptin application. Hyperplastic aortic and mitral valve leaflets exhibited no calcifications by alizarin red staining.

Collectively, these experiments suggest that leptin, when available at the proximal ascending aorta, causes local loss of elasticity and induces medial degeneration, thereby promoting aortic dilation without affecting the diameter of the aortic annulus. Ascending aortic stiffening and dilation underlie perturbation of hemodynamics, driving hypertrophy of the LV wall and aortic and mitral valve leaflet thickening, possibly through the AVC axis.

LepA Applied at the Proximal Aorta Attenuates Aortic Dilation and Protects Mice From Rupture of AngII‐Induced Thoracic Aortic Aneurysm {#jah31494-sec-0019}
--------------------------------------------------------------------------------------------------------------------------------------

AngII is the key hormone of the renin--angiotensin--aldosterone system, underlying hypertension and cardiovascular remodeling. The phenotype induced by local application of leptin is similar to AngII‐induced aortic remodeling,[14](#jah31494-bib-0014){ref-type="ref"}, [18](#jah31494-bib-0018){ref-type="ref"} suggesting that leptin may mediate this phenomenon. To test this hypothesis, apoE^−/−^ mice were infused with AngII for 4 weeks after they received a polylactic co--glycolic acid film containing LepA or no protein that was applied on the surface of the proximal ascending aorta (details under Methods).

Weight gain was similar in both groups, indicating lack of systemic effects of LepA (Figure S6A). As expected, systolic blood pressure in all AngII‐treated mice was increased by ≈20%, reaching 125 mm Hg after 1 week, and was sustained throughout the follow‐up period (Figure S6B). Notably, the addition of LepA did not affect the increase in systolic blood pressure in AngII‐receiving mice.

There was marked thinning of the anterior aspect of the ascending aorta and significant dilation of the segment in mice receiving AngII. This dilation was attenuated in mice that were also treated with local LepA application (*P*\<0.05) (Figure [4](#jah31494-fig-0004){ref-type="fig"}A and [4](#jah31494-fig-0004){ref-type="fig"}B). Echocardiographic analysis performed 4 weeks after surgery revealed an increase in the inner diameter of the ascending aorta 2 mm distal to the aortic valve in AngII‐infused mice. The increase in aortic diameter in diastole and systole was moderated in mice cotreated with LepA (*P*\<0.01, in systole) (Figure [4](#jah31494-fig-0004){ref-type="fig"}C). Distensibility was not affected by LepA treatment because aortic diameter in both systole and diastole was similarly affected by LepA application (Figure [4](#jah31494-fig-0004){ref-type="fig"}D). Importantly, aortic valve annulus did not dilate in response to AngII infusion.

![Local application of LepA at the proximal ascending aorta attenuates the effects of AngII infusion on the aortic wall locally. A and B, External aortic diameter 4 weeks after surgery. n=5, *P*=0.047. C, Increase in aorta diameter in diastole and systole (*P*\<0.01 in systole). Mean internal aortic diameter was 1.3 mm at baseline. D, Aortic distensibility at baseline and 4 weeks after surgery. C and D, n=12 to 13. E, AngII infusion leads to fatal rupture of TAA or AAA. Surviving mice were euthanized 4 weeks after surgery. Application of LepA abolished TAA rupture (*P*=0.01, 2‐tailed Fisher exact test). F, A Kaplan--Meier survival curve for mice receiving AngII infusion or AngII cotreated with LepA. G, Leptin was detected in smooth muscle cells (open arrowheads) and atherosclerotic plaques (black arrowhead) but was barely detected in control mice treated with an empty polylactic co--glycolic acid film. Scale bar=50 μm. H and I, Macrophage infiltration in AngII (H) and AngII and LepA‐treated mice (I). Open arrowhead points to infiltrating macrophages, black arrowheads point to macrophages in the adventitia. Scale bar=50 μm. We did not detect macrophages infiltrating the media of LepA‐treated mice (I). J, Number of breaks in aortic elastic lamellas. *P*=0.05, n=5 to 6. K and L′, Ascending aorta from AngII (K) and AngII and LepA‐treated mice (L) stained by EVG; black arrowheads highlight fragmentation of elastic lamellae. Scale bar=100 μm. M and N′, Immunostaining of α‐SMA in similar location as (K and L′); black arrowhead highlights an absence of α‐SMA. Scale bar=100 μm. \**P*\<0.05, \*\**P*\<0.01. α‐SMA indicates α‐smooth muscle cell actin; AAA, abdominal aortic aneurysm; AngII, angiotensin II; EVG, elastic Van Gieson; LepA, leptin antagonist; TAA, thoracic aortic aneurysm.](JAH3-5-e003474-g004){#jah31494-fig-0004}

We assessed the exclusive impact of AngII infusion on mouse longevity, with or without additional LepA application at the ascending aorta. To this end, we combined data from the current model with data from a previous experiment, which included a similar cohort of apoE^−/−^ mice from the same breeding house (n=13) and receiving the same dose AngII infusion for the same duration.[14](#jah31494-bib-0014){ref-type="ref"} We observed 45% overall mortality (referred to as premature death prior to the completion of the experiment) in 31 mice treated with AngII alone or AngII with control film applied on the ascending aortic surface. Death was caused in 9 mice by rupture of thoracic aortic aneurysm (29%) and in 5 by ruptured AAA (16%). There were 5 cases of aortic dissection, 3 diagnosed in mice that succumbed from ruptured thoracic aortic aneurysm. Strikingly, no mouse cotreated with AngII infusion and locally applied LepA died from rupture of thoracic aneurysm (n=16, *P*\<0.05) (Figure [4](#jah31494-fig-0004){ref-type="fig"}E and [4](#jah31494-fig-0004){ref-type="fig"}F). The death rate in mice receiving AngII and LepA was 12.5%, and was related exclusively to rupture of AAAs. Notably, LepA application at the ascending aorta did not affect the prevalence of AAA rupture in AngII‐receiving mice.

Histological analysis revealed leptin antigen in medial SMCs of all mice receiving AngII or AngII and LepA, and a strong leptin signal was demonstrated in foam cells of aortic luminal atherosclerotic plaques (Figure [4](#jah31494-fig-0004){ref-type="fig"}G). Macrophage infiltration was evident in the media of the ascending aorta in AngII‐treated mice, whereas mice that also received LepA demonstrated lack of macrophages in the media (Figure [4](#jah31494-fig-0004){ref-type="fig"}H). Furthermore, AngII‐receiving mice expressed TGF‐β2 in medial SMCs and periadventitial macrophages (Figure S7A and S7B). In contrast, ascending aortas of mice that were locally cotreated with LepA were devoid of TGF‐β2 in medial SMCs and displayed reduced expression of TGF‐β2 in perivascular macrophages (Figure S7C and S7D). The ascending aorta in AngII receivers demonstrated medial hypertrophy, multiple fragmentations of elastic lamellas, and extensive medial α‐SMA depletion. LepA application decreased fragmentation of the elastic lamellas and minimized α‐SMA depletion (Figure [4](#jah31494-fig-0004){ref-type="fig"}J--[4](#jah31494-fig-0004){ref-type="fig"}N) (*P*=0.05).

Our results demonstrate that locally applied LepA at the ascending aorta reduces macrophage infiltration and moderates the extent of AngII‐induced aortic wall degeneration, thereby preventing subsequent rupture of thoracic aortic aneurysms.

LepA Applied at the Proximal Ascending Aorta Attenuates AngII‐Induced LVH and Valve Leaflet Thickening in the Left Ventricle {#jah31494-sec-0020}
----------------------------------------------------------------------------------------------------------------------------

Increase in PSV as measured at the aortic valve level was significantly moderated by the addition of LepA to AngII‐infused mice (*P*\<0.05) (Figure [5](#jah31494-fig-0005){ref-type="fig"}A). Aortic valve regurgitation was recorded in 8 of 12 mice treated with AngII and in 6 of 13 of those cotreated with LepA. There was a trend toward lower velocity--time integral and peak jet velocity of regurgitation flow in LepA‐treated mice; however, it was short of statistical significance (Figure S6C and S6D). Mice cotreated with LepA presented a lesser degree of LV wall hypertrophy by echocardiography (*P*\<0.01) (Figure [5](#jah31494-fig-0005){ref-type="fig"}B). LV diameter increased similarly in both groups in diastole, whereas LepA treatment attenuated the increase in LV diameter during systole (*P*\<0.05) (Figure [5](#jah31494-fig-0005){ref-type="fig"}C). Accordingly, fractional area change, which represented LV ejection fraction, was reduced in AngII‐treated mice by 15%, whereas cotreatment with LepA preserved fractional area change at near baseline values (*P*\<0.05) (Figure [5](#jah31494-fig-0005){ref-type="fig"}D). LV stroke area was more variable, and the effect of LepA treatment was not statistically significant. Histology revealed increased thickening of aortic and mitral valve leaflets in AngII‐treated mice. This effect was moderated in both valves by local LepA application (*P*\<0.05) (Figure [5](#jah31494-fig-0005){ref-type="fig"}E--[5](#jah31494-fig-0005){ref-type="fig"}I). Hyperplastic aortic and mitral valve leaflets collected from AngII‐treated mice did not demonstrate calcification by alizarin red staining.

![Local application of LepA at the proximal ascending aorta attenuates the effects of AngII infusion on LV remodeling. A, Increase in PSV measured at the aortic valve. *P*=0.03. AngII‐infused mice shown in white bars; AngII and LepA shown in dark gray bars. Mean PSV at baseline was 1275 mm/s. B, Increase in LV wall thickness as measured by echocardiography in long axis (*P*\<0.01) and in diastole in short axis views (*P*\<0.01). Mean LV wall thickness at baseline was 0.79 mm at anterior and posterior walls and 0.57 mm at the septum. C, Increase in LV diameter in diastole (*P*=0.047) and systole. Mean LV diameter was 2.3 mm at baseline. D, FAC is reduced in AngII‐infused mice but is not affected in AngII and LepA‐treated mice. *P*=0.01. Mean FAC was 55% at baseline. E, Mitral and aortic valve leaflets thickness is reduced in AngII and LepA‐treated mice compared with AngII‐infused mice. *P*=0.03 for both valves. A through E, n=10 to 12. F and G, H&E staining of a mitral valve from AngII (F) and AngII and LepA‐treated mice (G). Arrows point to the valve. H and I, H&E staining of an aortic valve from AngII (H) and AngII and LepA‐treated mice (I). Arrows point to the valve. J and K, α‐SMA is abundant in aortic valves of AngII‐infused mice (J), with relatively weaker expression in AngII and LepA‐treated mice (K). L and M, TGF‐β1 expression is widespread in aortic valves of AngII‐infused mice (L) but is less prevalent in AngII and LepA‐treated mice (M). Scale bar=100 μm (F through M). \**P*\<0.05, \*\**P*\<0.01. α‐SMA indicates α‐smooth muscle cell actin; AngII, angiotensin II; FAC, fractional area change; H&E, hematoxylin and eosin; LepA, leptin antagonist; LV, left ventricular; PSV, peak systolic velocity; TGF‐β1, transforming growth factor β1.](JAH3-5-e003474-g005){#jah31494-fig-0005}

We observed α‐SMA and TGF‐β1 antigen in stromal cells of aortic valve leaflets (Figure [5](#jah31494-fig-0005){ref-type="fig"}J--[5](#jah31494-fig-0005){ref-type="fig"}M), suggesting activation of those cells. We did not identify statistically significant changes in stromal cell proliferation through Ki‐67 immunohistochemistry (Figure S6D). Mac‐3 and tumor necrosis factor α--positive cells were scarcely found in leaflets from AngII‐treated mice, and fewer cells were positive for those antigens in LepA receivers (Figure S6E and S6F). Collectively, these findings imply that attenuation of remodeling in the ascending aorta by local application of LepA moderates LVH and valvular remodeling.

Leptin Is De Novo Synthesized in Human Aortic Valve Leaflets of AVS Disease {#jah31494-sec-0021}
---------------------------------------------------------------------------

Human samples of advanced AVS disease and normal control valves were analyzed (Figure [6](#jah31494-fig-0006){ref-type="fig"}A and [6](#jah31494-fig-0006){ref-type="fig"}B). Advanced AVS disease was characterized by the abundance of α‐SMA and CD68‐positive cells, along with strong expression of leptin and leptin receptor (Figure [6](#jah31494-fig-0006){ref-type="fig"}C, [6](#jah31494-fig-0006){ref-type="fig"}D, and S8A--S8D). Leptin was mostly expressed in valve leaflets by SMC‐like elongated cells and by macrophage‐like round cells (Figure [6](#jah31494-fig-0006){ref-type="fig"}E). De novo *lep* and *lepr* mRNA synthesis was confirmed by quantitative polymerase chain reaction (Figure [6](#jah31494-fig-0006){ref-type="fig"}F) and by in situ hybridization for *lep* (Figure S8E and S8F). Interestingly, *lep* and *lepr* expression was correlated in AVS (Figure [6](#jah31494-fig-0006){ref-type="fig"}G).

![Leptin is expressed in AVs of AVS patients and induces VIC proliferation and calcification in vitro. A, Movat staining of healthy human AV. Arrowhead points to ascending aorta, arrow to AV. B and C, Movat (B) and leptin IHC (C) of AV collected from an AVS patient. D and E, LepR (D) and leptin (E) IHC from the same valve as in (B and C). Arrows point to macrophage‐like cells; arrowheads point to elongated SMC smooth muscle‐like cells. F, qPCR analysis for *lep* and *lepr* expression in AVs. n=3 and n=8 for valves of healthy and AVS patients, respectively. G, Positive correlation between *lep* and *lepr* expression in AVs. *r* ^2^=0.76 (Spearman correlation), *P*=0.007. H through K, In vitro primary human VICs. H, AngII increases VIC proliferation. This effect is blocked by the AngII type 1 receptor blocker valsartan and LepA. (*P*=0.01; n=5--6). I, qPCR analysis for *lepr* and *lep* expression in VICs treated with AngII for 4 or 24 hours compared with untreated VICs. *P*=0.046, *P*=0.007 (4 hours), *P*\<0.001 (24 hours). Error bars represent standard deviation. J, Leptin increases VICs proliferation (*P*=0.01), and this effect is blocked by LepA (*P*=0.01; n=6). K, Mineralization of VICs grown in osteogenic medium is increased by leptin (*P*\<0.05; n=3). \**P*\<0.05, \*\**P*\<0.01. AngII indicates angiotensin II; AV, aortic valve; AVS, aortic valve stenosis; IHC, immunohistochemistry; LepA, leptin antagonist; LepR, leptin receptor; qPCR, quantitative polymerase chain reaction; Val, valsartan; VIC, valve interstitial cell.](JAH3-5-e003474-g006){#jah31494-fig-0006}

Leptin Mediates the Effects of AngII on Human VIC Proliferation {#jah31494-sec-0022}
---------------------------------------------------------------

AngII induced VIC proliferation in cell cultures. This effect was blocked by AngII type 1 receptor blocker valsartan and LepA. The latter response indicated that the AngII proliferative effect on VICs is leptin dependent (Figure [6](#jah31494-fig-0006){ref-type="fig"}H). Indeed, AngII induced the expression of *lep* mRNA in VIC cultures in a dose‐ and time‐dependent fashion (Figure [6](#jah31494-fig-0006){ref-type="fig"}I). Leptin was sufficient to induce VIC proliferation without AngII (Figure [6](#jah31494-fig-0006){ref-type="fig"}J) and enhanced VIC mineralization in osteogenic medium (Figure [6](#jah31494-fig-0006){ref-type="fig"}K). Remarkably, a similar leptin dose (1 ng/mL) drove VIC proliferation and mineralization. It should be noted that VICs in culture are susceptible to chemical and mechanical properties of culture media, which may promote mineralization.

Our in vitro data corroborate the human aortic valve analysis, suggesting that AngII‐induced leptin may drive early aortic valve hyperplastic lesions and further stimulate VICs' osteogenic differentiation.

Discussion {#jah31494-sec-0023}
==========

By using a mouse model, we showed that local leptin activity in the proximal ascending aortic wall mediates pathological changes and aneurysm formation. These processes subsequently promote remodeling of the LV wall and valves. Because the effects of leptin are local, we hypothesize that hemodynamic AVC leads to the cardiac effect. Delivery of LepA to the proximal ascending aorta in mice receiving AngII infusion attenuated local aortic aneurysm formation, rescued mice from ATAA rupture, and decreased LV remodeling. This observation suggests that local antileptin treatment is a potential therapeutic avenue for early stage ATAA as well as related LVH and early aortic and mitral valve hyperplastic lesions (Figure [7](#jah31494-fig-0007){ref-type="fig"}).

![Effects of LepA application at the surface of the ascending aorta on AngII‐induced thoracic aortic aneurysm formation and left ventricular remodeling. A radar plot of quantitative cardiovascular parameters assessed in this study demonstrating the impact of LepA applied on the surface of the ascending aorta in AngII‐infused mice. The distance from center is measured by a *Z* score calculated from the standard deviation in mice treated with an empty polylactic co--glycolic acid film (black, control). Red line corresponds to the AngII‐infused mice alone, whereas the green line corresponds to the AngII and LepA‐treated mice. Moving clockwise, LepA application attenuates the effects of AngII on ascending aortic diameter, hemodynamics at the LV outlet, LV wall thickness, FAC, and LV valves' leaflets thickness. There is no effect on blood pressure or weight gain. AngII indicates angiotensin II; FAC, fractional area change; LepA, leptin antagonist; LV, left ventricular; PSV, peak systolic velocity.](JAH3-5-e003474-g007){#jah31494-fig-0007}

Multiple AngII‐related ascending aortic aneurysms that were diagnosed in patients suffering from various diseases displayed de novo leptin synthesis, corroborating the design and results of our mouse model. AngII infusion in mouse models induces leptin synthesis in arterial wall SMCs and macrophages. Leptin was previously shown to modulate multiple gene expression in the aortic wall.[14](#jah31494-bib-0014){ref-type="ref"} In addition, leptin elicits macrophage chemotaxis, and macrophages have been shown infiltrating the arterial media and periadventitial tissue in the AngII‐infusion mouse model. In the current study, we also showed that AngII‐infused mice exhibit increased expression of TGF‐β2 in medial SMCs and in periadventitial macrophages at the dilated segment of ascending aorta. These results corroborate other models of ascending aortic aneurysm such as Marfan syndrome. It is conceivable that local LepA application in AngII‐treated mice affects the ascending aorta by reduction of macrophage recruitment and inhibition of local TGF‐β2 synthesis.[41](#jah31494-bib-0041){ref-type="ref"}

Stiffening and dilation of the proximal ascending aorta in patients with ATAA led to LV remodeling, possibly via AVC activation related to perturbation of hemodynamics at the LV outlet.[32](#jah31494-bib-0032){ref-type="ref"} A similar AVC mechanism was observed in mice receiving systemic AngII infusion and in those that received periadventitial low‐dose leptin on the ascending aorta. Increased ascending aortic diameter in mice undergoing local leptin application and in AngII‐treated mice may have generated hemodynamic perturbations that were partially reflected by elevated PSV and promoted LV wall remodeling and valve leaflet thickening. The observed decrease in fractional area change was attributed to concentric LV hypertrophy and represented reduced ejection fraction, correlating with systolic and diastolic dysfunction in the clinical setting.

Stiffening and dilation of the proximal ascending aorta in patients with ATAA led to LV remodeling by AVC via stretch‐related mechanisms.[32](#jah31494-bib-0032){ref-type="ref"} Analogously, segmental ascending aortic aneurysm and AVC activation were generated in both of our mouse models. Hemodynamic perturbations were partially reflected by elevated PSV, and both models displayed LV hypertrophy as well as left heart valve leaflet hyperplasia. The leptin application model was designed to evaluate the exclusive impact of locally synthesized leptin on the ascending aortic wall in normotensive mice. The generated ATAA drove LV remodeling, but no aortic valve regurgitation was evident. These results suggest that leptin‐induced ATAA increased impedance to LV outflow that was sufficient to activate the AVC mechanism driving LV remodeling; however, shortcomings of this model, including lack of background hypertension and short follow‐up period, may limit the translation of our findings into the clinical arena. In contrast, our AngII infusion model offers pathophysiological conditions that likely resemble clinical scenarios. Mice that received AngII presented similar changes in the ascending aorta and left ventricle and exhibited a varying degree of aortic regurgitation. These results might be linked, at least in part, to the apoE^−/−^ genetic background[42](#jah31494-bib-0042){ref-type="ref"}; however, the application of LepA to the ascending aortic wall not only moderated local aneurysmal changes but also caused a trend toward reduced peak jet velocity of regurgitation flow. The short‐duration exposure to AngII infusion likely only partially simulated the clinical circumstances of long‐term exposure encountered in patients that develop ATAA. Consequently, our AngII infusion model results may support the validity of aortic regurgitation in clinical scenarios of ATAA‐related LV remodeling. These findings are consistent with clinical data showing that reduced aortic elasticity and dilation is associated with aortic regurgitation and LV hypertrophy in patients with nonstenotic bicuspid aortic valve.[43](#jah31494-bib-0043){ref-type="ref"}

Direct impact of the locally applied leptin or leptin antagonist through tissue diffusion on LV remodeling was evidently ruled out because the effect of both substances was not displayed beyond the immediate adjacent ascending aortic wall.

Multiple clinical data implicate AngII in AVS.[35](#jah31494-bib-0035){ref-type="ref"} In this light, recent experimental findings of aortic valve leaflet thickening in AngII‐infused mice are consistent with mechanisms of human AVS pathogenesis.[36](#jah31494-bib-0036){ref-type="ref"} We observed thickening of aortic and mitral valve leaflets in both AngII‐infused mice and in mice receiving leptin locally on the ascending aorta. This suggests that systemic and hemodynamic conditions within the left ventricle may affect both valves in a similar manner. Increased numbers of stromal cells, which are histologically and functionally analogous to human VICs,[44](#jah31494-bib-0044){ref-type="ref"}, [45](#jah31494-bib-0045){ref-type="ref"} contributed to thickening of valve leaflets. This is consistent with our in vitro result showing that AngII‐induced human VIC proliferation is leptin dependent. Leptin was found to be both sufficient and necessary for the proliferation of VICs in this context. Moreover, we demonstrated de novo leptin synthesis in advanced human AVS samples.

The clinical, in vitro*,* and mouse model data are further substantiated by the epidemiological association between chronic hyperleptinemia and advanced AVS disease to support a novel role for leptin in AVS pathogenesis.[34](#jah31494-bib-0034){ref-type="ref"} Specifically, thickening of aortic and mitral valve leaflets could be driven by valvular in situ synthesis of leptin. Furthermore, this idea implies that hyperplasia of aortic and mitral valve leaflets may be associated with AVC activation. This process is likely mediated by elevated LV AngII signaling, which in turn promotes valvular in situ leptin synthesis. Leaflet hyperplasia is an early event preceding subsequent macrophage infiltration and cellular mineralization interacting with valve biomechanics,[46](#jah31494-bib-0046){ref-type="ref"} constituting a chain of events leading to advanced AVS in humans (Figure [8](#jah31494-fig-0008){ref-type="fig"}). Hyperplastic lesions in mouse aortic valves in both models exhibited increased expression of TGF‐β1. Interestingly, TGF‐β signaling promotes VIC proliferation and mineralization in vitro and in a clinical setting.[47](#jah31494-bib-0047){ref-type="ref"}, [48](#jah31494-bib-0048){ref-type="ref"}

![A model of a mechanism for AVS initiation through AngII‐induced ATAA, associated with AVC activation. The numerical sequence of events corresponds to findings discussed and shown in this study: Leptin‐mediated ATAA formation, AVC activation underlying left ventricular hypertrophy and aortic valve thickening through leptin‐induced VIC proliferation. AngII indicates angiotensin II; ATAA, ascending thoracic aortic aneurysm; AVC, aortoventricular coupling; AVS, aortic valve stenosis; SMC, smooth muscle cell; TGF‐β, transforming growth factor β; VIC, valve interstitial cell.](JAH3-5-e003474-g008){#jah31494-fig-0008}

Local leptin application at the ascending aorta in normotensive mice drove LVH and aortic and mitral valve leaflet thickening, whereas concomitant LepA treatment in AngII‐infused mice moderated AVC activation, preventing LV dysfunction and valvular hyperplastic lesions. Remarkably, the inhibitory effects of local LepA on LVH and aortic and mitral valve leaflet thickening occurred despite continuous systemic AngII administration and subsequent hypertension. These results underscore the significance of AVC activation as an underappreciated force driving LV remodeling and aortic valve disease.[49](#jah31494-bib-0049){ref-type="ref"}, [50](#jah31494-bib-0050){ref-type="ref"}

The current study has several limitations. Because we found wide variability between individual mice when assessing their physiological parameters at baseline, we avoided the use of absolute numbers in our analyses and compared each parameter with its baseline value per mouse as an internal control. Inherent limitations of the mouse model did not allow direct measurement of aortic and LV pressure or assessment of pulse wave velocity, and this impaired our ability to directly assess hemodynamics. In addition, confirmation of LVH was based on echocardiography and was not validated by heart weight or histological morphometry of cardiomyocytes. Although we found similarities in mitral and aortic valve leaflet thickening, mitral valve remodeling was not within the scope of the current study. Cytokines and matrix metalloproteinases associated with LepA effects on the vessel wall were not examined in these models, and we did not explore leptin‐independent mechanisms of ascending aortic aneurysm formation that function through macrophage recruitment and signaling.[51](#jah31494-bib-0051){ref-type="ref"} These factors warrant a dedicated study. Finally, nonoptimized dose and delivery for both leptin and LepA present a limiting factor whereby fine tuning may result in even more pronounced ATAA‐related benefits. Furthermore, longer term in vivo studies are warranted because our analysis was limited to 4 weeks of AngII infusion and may not represent the prolonged cardiovascular response analogous to the clinical setting.

The efficacy of local LepA therapy in our mouse model and expression of leptin in human ATAA and AVS has several clinical implications. The prominent role of AngII in cardiovascular remodeling has positioned renin angiotensin aldosterone system antagonists as front‐line therapy for ATAA, LVH, and advanced AVS[52](#jah31494-bib-0052){ref-type="ref"}, [53](#jah31494-bib-0053){ref-type="ref"}, [54](#jah31494-bib-0054){ref-type="ref"}; however, systemic therapy with AngII receptor blockers or angiotensin‐converting enzyme inhibitors have achieved limited success, especially in attenuating ATAA expansion and AVS progression. In contrast, we have witnessed promising results in AngII‐infused mice receiving LepA at the ascending aorta. These results imply that we may gain control over the course of ascending aortic aneurysm progression and also attenuate AVC‐related cardiac pathologies. Importantly, local LepA benefit would obviate systemic hormonal perturbation. Targeted local LepA application by minimally invasive modes, such as an intravascular approach, may prove effective in slowing down the progression of AngII‐driven aortic aneurysm at any location and control peripheral aneurysms likewise.

In summary, AngII‐induced leptin in the ascending aorta is a prerequisite to driving local aneurysm formation in apoE^−/−^ mice. We propose an analogous AngII‐associated pathway underlying ATAA in patients suffering from hypertension, obesity, diabetes mellitus, or associated genetically linked vascular diseases. This relationship is particularly important considering ATAA‐related hemodynamic perturbations, which are known to promote LVH and hyperplastic lesions in left‐sided heart valves in mice and humans. We further suggest that valvular in situ leptin synthesis could promote early valve leaflet lesions as a precursor to human AVS. Finally, our findings demonstrate that local inhibition of leptin activity at the ascending aorta attenuates ATAA and its associated cardiac pathologies. These results put forward a novel proof of concept that could be implemented clinically to prevent the progression of early aortic aneurysms.
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**Data S1.** Methods and materials.

**Figure S1.** Movat\'s pentachrome and immunohistochemistry for leptin and leptin receptor (LepR) in ascending thoracic aortic aneurysm samples from bicuspid aortic valve (BAV) and Marfan syndrome (MFS) patients: subintimal and medial region. A through C, BAV patient: Movat\'s pentachrome (A), diffuse elastic fiber fragmentation with glycosaminoglycan deposition (bluish‐green) and media degeneration, leptin (B), and LepR (C) immunohistochemistry, expressed by smooth muscle cells (SMCs). D through F, MFS patient: Movat\'s pentachrome (D), histology similar to (A), leptin antigen (E) expressed mostly by medial macrophages, LepR antigen (F) prominently expressed in macrophages and SMCs. A and D, Scale bar=500 μm, 200 μm in (B, C, E, and F).

**Figure S2.** Immunohistochemical analysis of ascending thoracic aortic aneurysm (ATAA) samples from bicuspid aortic valve (BAV) and Marfan syndrome (MFS) patients: subintimal and medial region. A through F, Analyses were performed on BAV‐related ATAA sample from a case shown in Figure S1A through S1C. A and C, α‐Smooth muscle actin (α‐SMA) staining marking medial smooth muscle cells (SMCs) (A) and capillary SMCs (C). B and D, CD68 marking macrophages was not identified in subintimal and medial region cells (B) but was evident in adventitial pericapillary cells (D). E and F, Leptin antigen was expressed by pericapillary macrophages and surrounding adventitial SMCs (E) and leptin receptor expressed mainly by medial SMCs (F). A through F, Scale bar=100 μm. G and H, Analysis performed on MFS‐related ATAA sample (same case, subintimal and medial region like in Figure S1D through S1F). α‐SMA staining marking SMCs (G) and CD68 marking macrophages (H). Scale bar=200 μm.

**Figure S3.** Effects of local leptin application on weight, systolic blood pressure, and aortic valve proliferation. A, An intraoperative view showing the slow‐release polylactic co--glycolic acid film (yellow outline) placed adjacent to the ascending aorta. This strategy was used to apply the leptin slow‐release film, leptin antagonist, and control films, as described in this study. B, Weight of mice after receiving local leptin or control film. There was no significant difference in the weight between groups. n=10 to 11. C, Systolic blood pressure of mice after receiving local leptin or control film. There was no significant difference in blood pressure between groups. n=10 to 11. D, Increase in aortic valve regurgitation peak velocity following local treatment with leptin or control film. All animals displayed some regurgitation jet. Mean baseline velocity was 1000 mm/s. E, Increase in aortic valve regurgitation velocity--time integral (VTI). One of 12 control animals displayed above baseline regurgitation, defined as VTI at least 10‐fold greater than mean, 0 of 10 treated animals had regurgitation. Mean baseline VTI was 2.8 mm. F, Change in left ventricular stroke area. n=10 to 11. Mean baseline stroke area was 5.9 mm^2^. G, Percentage of Ki‐67--positive stromal cells in aortic valve leaflets of mice receiving leptin or control film. Although there was a trend of increased Ki‐67--positive cells in leptin receivers vs controls, it did not reach statistical significance, n=4 to 5.

**Figure S4.** Modulation of the ascending aorta in mice receiving high‐fat diet (HFD) feeding treated with control or leptin film. A, Aortic diameter at peak systole in mice on HFD treated with leptin or control film. After 3 weeks, a significant difference was recorded between the two groups, *P*\<0.01. n=5 to 6. B and C, Elastic Van Gieson staining of the ascending aorta in local leptin‐treated (B) or control (C) mice. Arrows in high magnification show fragmentation of elastic lamellas in leptin‐treated mice. D and E, α‐Smooth muscle actin (α‐SMA) staining of the ascending aorta in local leptin‐treated (D) or control (E) mice. Arrows indicate depletion of α‐SMA. F and G, α‐SMA staining of the descending aorta in local leptin‐treated (F) or control (G) mice. Leptin was applied to the ascending aorta. Note, medial smooth muscle cell layer looks intact. Scale bar=500 μm for all images, 100 μm in high‐magnification images.

**Figure S5.** Cardiac and valvular modulation in mice on a high‐fat diet (HFD) treated with local leptin or control film. A, Change in peak systolic velocity (PSV) in control and leptin‐treated mice fed with an HFD. *P*=0.04. Baseline PSV was 1300 mm/s. B, Left ventricular (LV) wall thickness in leptin‐treated vs control HFD‐fed mice, as measured by echocardiography 6 weeks after surgery in the long‐axis view and in short‐axis view during diastole. *P*\<0.01, n=5 to 6. Mean baseline LV wall thickness was 0.85 mm. C, Mitral and aortic valve thickness measured by histology 6 weeks after surgery. *P*\<0.01 (mitral), *P*=0.047 (aortic). D and E, Hematoxylin and eosin (H&E) staining of mitral valve leaflets in local leptin‐treated (C) and control (E) mice. F and G, H&E staining of aortic valve leaflets in local leptin‐treated (D) and control (F) mice. H and I, Transforming growth factor β2 staining of aortic valve leaflets in local leptin‐treated (G) and control (H) mice. Positive signal indicates activation of stromal cells. J and K, α‐Smooth muscle actin staining of aortic valve leaflets in local leptin‐treated (I) and control (J) mice. Scale bar=500 μm for all images, 100 μm in enlargements.

**Figure S6.** Effects of local application of leptin antagonist (LepA) to the ascending aorta following angiotensin II (AngII) infusion. A, Weight of mice following treatment. There was no significant difference in weight between groups. n=11 to 12. B, Systolic blood pressure of mice after treatment. There was no significant difference in systolic blood pressure between groups. n=11 to 12. C, Increase in aortic valve regurgitation peak velocity following local treatment with leptin or control film. All animals displayed some regurgitation jet. Mean baseline peak velocity was 1050 mm/s. D, Increase in aortic valve regurgitation velocity--time integral. Eight of 12 AngII animals displayed aortic regurgitation, defined as at least 10‐fold increase over baseline mean, and 6 of 13 animals cotreated with LepA had aortic regurgitation, defined similarly. Mean baseline velocity time integral was 4.2 mm. E, Change in LV stroke area. n=11 to 12. Mean baseline stroke area was 6 mm. F, Percentage of Ki‐67--positive cells in stromal cells in the aortic valve leaflets. n=4 to 5. G and H, Mac3 staining of macrophages in aortic valve leaflets, in mice treated with AngII (G) or AngII and LepA (H). Scale bar=500 μm.

**Figure S7.** Transforming growth factor β2 (TGF‐β2) localization in the ascending aorta following angiotensin II (AngII) infusion. Immunostaining for TGF‐β2 in ascending aortas of mice treated with AngII (A and B), AngII and leptin antagonist (LepA) (C and D), or an empty film as control (E and F). Note, a weak to moderate TGF‐β2 signal in medial smooth muscle cells (SMCs) and strong expression in periadventitial macrophages in AngII‐receiving mice. When adding concomitant local LepA therapy, TGF‐β2 antigen is absent in SMCs and decreased in perivascular tissue, similar to controls. Scale bar=50 μm.

**Figure S8.** Immunohistochemical and in situ mRNA hybridization in stenotic aortic valves. A and B, α‐Smooth muscle actin (α‐SMA) (A) and CD68 (B) staining in advanced aortic valve stenosis (AVS) disease. Scale bar=2 mm. C and D, High magnification of α‐SMA (C) and leptin (D) staining in advanced AVS. Scale bar=200 μm. E and F, In situ hybridization for *lep* mRNA transcript in aortic valve leaflets from advanced AVS. Arrowheads (E) denote round macrophage‐like cells, arrows (F) denote elongated SMC‐like cells. Scale bar=200 μm.
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